Abstract. We have identified two new subglacial lakes beneath the stagnated trunk of Kamb Ice Stream (KIS). Rapid filldrain hydrologic events are inferred from Cryosat-2 altimetry, indicating that the lakes are connected by a drainage network.
There are several subglacial lakes (SGLs) contributing the basal hydrology underneath the KIS (Figure 1 ). Although the existence of SGLs on KIS has been revealed by surface height variation from ICESat laser altimetry (Smith et al., 2009) and RADARSAT radar interferometry (Gray, 2005) , little is known about the hydrological connection among adjacent lakes in KIS. Moreover, the ICESat repeat track method is limited by sparse coverage by the ground tracks, making it difficult to determine the lake boundaries in detail or to map small lakes. At present, the northern corner of KIS is morphologically 5 understood as a margin lake due to thinning along the northern shear margin and retreat of the grounding line, similar to Subglacial Lake Engelhardt downstream of Whillans Ice Stream (WIS) (Fricker et al., 2007; Fried et al., 2014) . A few simulations of present-day subglacial hydrology also suggest that a subglacial channel may still exist beneath KIS (Carter and Fricker, 2012; Goeller et al., 2015) . However, none of the ICESat-based studies detected any signal associated with subglacial lake activity in the margin of the KIS trunk. 10
The Cryosat-2 radar altimeter launched in mid-2010 has provided topographic measurements of the Antarctic Ice Sheet with high spatial coverage and better elevation resolution than any previous radar altimeters. Owing to the dense ground track spacing of Cryosat-2, we discovered two unknown subglacial lakes. Activity on the lakes appears to have been triggered by sequential filling events in upstream lakes. The sequential activities from upstream subglacial reservoirs to the trunk hydrologic system of KIS provides critical evidences on the characteristics of the basal environment under the trunk of 15 KIS.
SGL Detection from Cryosat-Measurements
The Cryosat-2 operates three different modes, Low Resolution Mode (LRM), Synthetic Aperture Radar (SAR), and SAR interferometric (SARin) (Wingham et al., 2006a) . The SARin mode provides a determination of the precise reflecting (backscattering) point on the surface. A nominal spatial resolution of this mode of measurement is ~300 m and ~1km for 20 along-and across-track directions, respectively (Wingham et al., 2006a) . The geophysical mask of SARin mode covers the margins of the ice sheets or the mountainous regions with higher slope than the ocean or ice sheet interior. We primarily utilize the Level 2 (L2) product of SARin mode, which directly provides geospatially corrected surface elevations with various correction terms and error flags. The vertical accuracy of SARin mode ranges from 0.17 m to 0.65 m on the interior of ice, although the magnitude of the surface height error highly depends on the slope of the imaged surface (Wang et al., 25 2015) .
To detect SGL in the study area, we adopt the similar data processing used in McMillan et al. (2014) . In order to remove the low quality returns of L2 products, we first remove outliers with the height error flags or extremely high backscatter values (>30dB) and then recursively apply a 3-sigma filter to the elevation residuals deviated from a recent DEM product (Helm et al., 2014) . To estimate an elevation change rate in a 5 by 5 km region, a quadratic curved surface fitting the 30
Cryosat-2 elevation measurements in the whole time period (July 2010 -February 2015 is determined and used for removing the topographic undulation in detail from the elevation measurements. From the topography-free elevation The Cryosphere Discuss., doi:10.5194/tc-2016 -96, 2016 Manuscript under review for journal The Cryosphere Published: 28 April 2016 c Author(s) 2016. CC-BY 3.0 License. residuals, we finally estimate the linear elevation change rate within a two-year time window and successively shift the time window with a 3-months interval. To increase the spatial resolution, 5 by 5 km regions for elevation change rate are overlapped with 1km spacing. Using the resulting successive maps of elevation change rate, we visually inspect the spatiotemporal variation of elevation change rate and detect candidates of subglacial lake. For example, Figure 2 shows the elevation change rate and its uncertainty (regression error) from February 2012 to January 2014 in the trunk of KIS. We can 5 identify two new active subglacial lakes as shown in red boxes because their uncertainties are sufficiently lower than those on other anomalous regions. Moreover, they are located on a 'potential subglacial lake' area identified from previous analysis of continent-wide sub-glacial hydropotential (Livingstone et al., 2013) . We named the lakes as Kamb Trunk 2 (KT2) and 3 (KT3), because they seem to be activated by an upstream lake Kamb Trunk 1 (KT1) already identified by ICESat (Smith et al., 2009) . 10
In order to specify a more detailed boundary of the KT2 and KT3 SGLs, we first generate a reference digital elevation model (DEM) from the Cryosat-2 elevations during July 2010 -December 2011 using a kriging method (Goovaert, 1997) (Figure 3a standard deviation of the background elevation anomalies (i.e. elevation anomalies in the region adjacent to the SGL) is empirically chosen as the lake boundary, since it makes a good agreement with the lake boundary independently inferred from the repeat track analysis of ICESat measurements for KT1. As a result, the area of KT1, KT2, and KT3 are 43.5, 31.7 and 38.7 km 2 respectively. The hydraulic potential surface derived using the reference DEM and the ice thickness of BEDMAP2 (Fretwell et al., 2013 ) strongly supports the existence of two new SGLs as well as lake KT1 (Figure 3c ). 20
Result and Interpretation

Hydrological connectivity of subglacial lakes in the Kamb Ice Stream
Understanding the characteristics of the hydrologic connection between the SGLs will contribute greatly to development of a conceptual model of the present sub-glacial water system. We investigate the temporal changes of newly discovered SGLs and the known KIS SGLs to understand their hydrological connectivity. After removing the reference 25 DEM elevations from the Cryosat-2 measurements, the residuals within the lake boundary are averaged in the interval of a month to generate the time series of elevation change. The background temporal elevation changes outside the lake boundaries are removed to examine only the elevation changes associated with the SGLs activity. The volume change is calculated by simply multiplying the elevation change and the area of lake. Figure 4 shows the elevation and volume changes of three SGLs, representing the sequential filling events in 2013. The volume of lake KT1 begins to increase in early 2013. 30
Roughly two months later, the volume of lake KT2 starts to increase, and about another two months later, the volume increase of lake KT3 also begins. The volume of lake KT1 is increased by ~ 0.1 km 3 during ~6 months, which indicates the balance flow rate of inflow and outflow is ~ 6 m 3 /s, roughly. The sudden volume increase of lakes KT2 and KT3 also show similar filling rates. Sequential drops in lake volume after the filling events are also observed but in an opposite order. The excess water in lake KT3 was completely drained in 8 months after the start of filling event, whereas the Lake KT2 returned to the previous volume level in 16 months, and the volume of KT1 did not descend completely yet.
It is interesting to note that the volumes of downstream lakes KT2 and KT3 begin to increase before the upstream 5 lakes are entirely filled. Another important observation is that there is no volume change in lake KT3 during the drainage stage of KT2 in the middle of 2014. These two facts may imply significant hydrological characteristics of the lake system. Wingham et al. (2006b) have reported that three lakes along a line of ~ 100 km in the Adventure Trench Region experienced simultaneous fillings by the water supply from an upstream lake. To explain this behavior, Carter et al. (2009) suggested that the high variability of local water pressure in the turbulent water flow is more significant than a few meters of hydraulic head 10 difference as a barrier between adjacent lakes. Similarly, Fricker and Scambos (2009) have observed a linked drainage event between Subglacial Lake Conway and Subglacial Lake Mercer in the Whillans and Mercer ice streams, but the volume changes of the two lakes are not always explained by a direct relationship between the drainage from upstream and filling of downstream reservoirs. They explained that the opening of an outlet conduit for the downstream lake allows the additional floodwater from the upstream lake to move directly through the downstream lake without increasing its water level. 15 Therefore, we can suggest that the three lakes in the trunk of Kamb Ice Stream are closely connected by conduits that are easily opened by turbulent water flow. As shown in Figure 3c , the hydraulic potentials at the outlet (inferred along the streamline) of lakes KT1, KT2, and KT3 are 30 -80 kPa higher than the minima inside the lakes. The potential differences are equivalent to the head differences of 3 -8 m, roughly consistent with the maximum elevation changes inside the lakes when the lakes are fully filled. Therefore, to account the early fillings of downstream lakes, the lake water should flow over 20 the hydraulic barriers through the conduits before the hydraulic head reaches the full capacity of lake. The direct pass through the lake KT3 of the drained water from KT2 in the middle of 2014 also suggests the opening or growth of conduit caused by flood events could diminish the role of hydraulic barrier.
The three SGLs in the trunk of KIS appear to be connected with SGLs in the region upstream of the KIS trunk where the ice stream is still flowing, according to the model study of Goeller et al. (2015) . Cryosat-2 measurements are also 25 used to find the source of the flood event. The geographical mask of Cryosat-2 SARin mode, unfortunately, does not cover the upstream KIS area but the LRM mode, which has relatively poorer spatial resolution than SARin mode, is available over the area. Using the LRM mode products, we detected large elevation changes in three lakes, Kamb 1 (K1), Kamb 3-4 (K34), and Kamb 8 (K8), upstream of KIS. Other upstream lakes in the KIS trunk do not show any apparent elevation changes. All lakes have been reported by Smith et al. (2009) but here we rename the Kamb 3 and Kamb 4 as K34 because they seem to be 30 a single lake (Figure 5a ). In early 2012, the lake K34 begins to discharge the excess water added during the preceding year.
At the peak of the K34 volume increase (January 2012), K1 begins to increase in volume, strongly suggesting a linkage between the upper (K34) and lower (K1) lake (Figure 5c ). The discharge of lake K1 begins in early 2013 (January 2013) and continues until the present. The timing of the discharge from the lake K1 is coincident with or slightly precedes a filling The Cryosphere Discuss., doi:10.5194/tc-2016 Discuss., doi:10.5194/tc- -96, 2016 Manuscript under review for journal The Cryosphere Published: 28 April 2016 c Author(s) 2016. CC-BY 3.0 License. event of KT1 (February 2013) , implying that the lake K1 is supplying the water to the lakes in the KIS trunk. On the other hand, the lake K8 rapidly drains its water in the end of 2012. However, it is not clear the connection between K8 drainage and other SGLs activities in the KIS, since the pathway from lake K8 to lake K1 or lakes in the KIS trunk is still uncertain (Goeller et al., 2015) . Any distinct activities are not observed in the lakes K5 and K2 downstream of lake K8 during the study period. 5
Influence of subglacial water on the Kamb Trunk estuary
The observed lake activity above indicates that subglacial melt water likely flows in a connected system from the upstream catchment area to the grounding line in the KIS. This water flux through the KIS grounding line region has a significant effect on it. We interpret a topographically low area downstream of KT3 as a kind of subglacial 'estuary' with hydraulic potential very close to that of the ocean at the grounding line (Figure 6a We presume that a part of basal water flow from KT3 is converted to distributed basal flow such as sheet flow in 20 the estuary, since the hydraulic potential around the estuary has a fan-shaped feature (Figure 6a ) and ice-penetrating radar data near the outlet of lake KT3 shows a very flat topography (Catania et al., 2006) . If the distributed basal flow exists, it increases the lubrication of ice sheet bed and decreases drag force on ice sheet flow. Tensile forces inherent between the moving ice shelf and the stagnant grounded ice can stretch and thin the ice sheet in the lubricated estuary region. Therefore, the large amount of basal water supplied by flood event might accelerate the thinning of ice sheet. This explanation is 25 supported by the fact that the ice sheet around the estuary is not entirely stagnant, i.e. the ice flow velocity from InSAR (Rignot et al., 2011) around estuary slightly exceeds their uncertainty (Figure 1) . While a part of the inferred channel flow seems to be converted to a distributed flow pattern in the lowest part of the ice stream hydrologic system, there is some evidence that a channelized flow is still maintained in the estuary. The background MOA image in the blue rectangle of Figure 6a shows a narrow sink near the grounding line downstream of KT3. 30
A detailed examination of Landsat images during last two decades shows the feature is continuously extending upstream (Figure 7) . Considering its retreat rate (~100 m/yr), the length from the grounding line (8 -9 km) and the retreat rate of grounding line (~30 m/yr from Thomas et al. (1988) ), the feature seems to start retreating no long (~110 years ago) after the The Cryosphere Discuss., doi:10.5194/tc-2016 Discuss., doi:10.5194/tc- -96, 2016 Manuscript under review for journal The Cryosphere (Figure 7) . We suppose that this feature was formed by a basal melting induced by the outflow of subglacial water into the sub-ice-shelf cavity. Recent studies (Alley et al., 2016; Le Brocq et al., 2013) have proposed a plausible physical mechanism to explain a line-shaped trough pattern on the ice shelf surface: they have suggested that when the subglacial melt water in 5 grounded ice sheet flows to oceans, the heat from warmer ocean water is supplied to ice through an intermediation of subglacial water and thus dissolves the ice bottom. A similar mechanism is proposed by Marsh et al. (2016) for the WIS subglacial channel outflow area. If this mechanism is applicable to the KIS, the strong basal melting by the outflow of subglacial water can make a narrow cavity retreating upstream because the ice sheet advance toward the ice shelf is quite slow (~7m/yr) in this area. Consequently, we speculate the feature is in the association with subglacial meltwater channel 10 linked to sub-ice-shelf cavity. Since other similar features are not observed around the grounding line of KIS, it is believed that the present-day KIS trunk has a single subglacial channel that reaches the grounding line, as previous studies predicted (Carter and Fricker, 2012; Goeller et al., 2015) .
Discussion
One of the hypotheses explaining the stagnation of KIS is a conversion from sheet basal water flow to channelized 15 flow, which causes dewatering of the subglacial deforming till and thus immobilizing it (Retzlaff and Bentley, 1993) . Our observations may provide support for this hypothesis. The newly discovered subglacial lakes in the KIS trunk and distinctive elevation changes in the KIS trunk estuary suggest the existence of a persistent subglacial water flow from the upstream subglacial lakes (e.g. K1 and K34) to the grounding line. The subglacial lakes also indicate a channelized water flow since they are exactly located on a streamline inferred from the hydraulic potential map, and their sequential behaviors are 20
probably due to open conduits, which are open and close based on subglacial lake activity, among the lakes. Considering the balance flow rate of ~ 6 m 3 /s to the lakes in the KT trunk mentioned above, the minimum radius of a single semicircular tunnel could be approximated in the range of 1 -2 m from an empirical relation of the discharge rate with a semi-circular cross-section and the gradient of hydraulic potential (see the supplementary method of Wingham et al. (2006b) ).
Previous model predictions and observations in the upstream region of "sticky spots" in the KIS show the diversion 25 of basal water to the neighboring WIS (Anandakrishnan and Alley, 1997; Carter and Fricker, 2012) , supporting the waterpiracy hypothesis for the stagnation of KIS (Alley et al., 1994) . Because volume change of the upstream lakes K1 or K34 is significantly larger than that of the SGLs in the trunk of KIS, the water-priacy hypothesis might be indirectly supported.
However, the connection between the upstream lakes in the KIS and the SGLs in the WIS is currently unclear from our observations. Our results only confirm the subglacial water system in the bigger and faster WIS is more active than the KIS 30 trunk subglacial lake system, since volume changes in the WIS system are apparently 3 -10 times as large as in the KIS trunk system . Marsh et al. (2016) reported extremely large melt rates (22.2 ± 0.2 m/yr) where The Cryosphere Discuss., doi:10.5194/tc-2016 -96, 2016 Manuscript under review for journal The Cryosphere Published: 28 April 2016 c Author(s) 2016. CC-BY 3.0 License. subglacial water discharge is expected on Mercer/Whillans Ice Stream grounding line . A strong basal melt is also inferred from the elevation lowering (up to ~ 1.5 m/yr) in the narrow channel near the grounding line of KIS, but the basal melt rate cannot be exactly projected from the observed elevation lowering due to the ambiguity of floating equilibrium on the narrow channel. However, the basal melt rate might be smaller than those on Mercer/Whillans Ice Stream, because the narrow channel near the grounding line is not likely to be freely floating on seawater. At present, our results can not definitely prove 5 which of the basal water channelization hypothesis or the water-piracy hypothesis is suitable for the stagnation of KIS.
Further studies on the basal flow channel in the KIS trunk are necessary to fix this puzzling. 
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